Temperature-dependent reflectivity measurements in the frequency range 85 -7000 cm −1 were performed on BaFe2As2 single crystals under pressure up to ∼5 GPa. The corresponding pressureand temperature-dependent optical conductivity was analyzed with the Drude-Lorentz model to extract the coherent and incoherent contributions. The gradual suppression of the spin-density wave (SDW) state with increasing pressure and the appearance of the superconducting phase coexisting with the SDW phase at 3.6 GPa were observed. At 3.6 GPa, the reflectivity reaches unity below ∼95 cm −1 indicating the opening of the superconducting gap and shows a full gap tendency at 6 K.
I. INTRODUCTION
The discovery of the iron-pnictide superconductors 1 has attracted a lot of attention in the condensed-matter research, and a tremendous amount of work has been performed in a very short time after their discovery. It is now widely accepted that these materials undergo a structural (T S ) and magnetic (T N ) phase transition during cooling down from room temperature, followed by each other, in their parent compound phases. Chemical substitution or external pressure suppresses the magnetically ordered (SDW) state, and a superconducting (SC) region emerges with a critical temperature as high as T c ≈ 30 K 2-7 . Either hole doping, electron doping or isovalent doping induces a SC state; however, different SC gap structures were found, demanding detailed studies on the SC state induced by external pressure in the parent compounds. Besides the SC state itself, the interplay between the SDW and the SC state is of particular interest.
Among the iron-pnictides systems, the so-called 122 family (AFe 2 As 2 with A: Ba, Sr, Ca, Eu) is the interest of the present study. In terms of chemical doping this class of iron-pnictides is extensively studied; moreover, a fare share of pressure studies was performed compared to other classes. The isovalent doping case (e.g., P-doping of As-sites) is especially interesting, since superconductivity with a T c as high as for the electron-or hole-doped cases is observed, despite the unchanged carrier concentration. Intuitively, one could simply think of P-doping acting as a chemical pressure, affecting the physical properties in a similar fashion like external pressure. However, studies show that the two most discussed structural parameters in iron-pnictides, namely the pnictogen height and the bond angle, behave oppositely with P-doping and pressure 8, 9 , demanding further investigation. The pressure-induced SC phase in the 122 class of pnictides was mostly studied by transport probes [10] [11] [12] [13] [14] [15] [16] [17] : Pressure causes the gradual suppression of the SDW state and the emergence of superconductivity in the parent compounds, whereas for the doped iron pnictides pressure increases T c [18] [19] [20] . In contrast, very limited work on the iron pnictides has been done with infrared spectroscopy under pressure 21, 22 , focusing mainly on the SDW state. None of these studies was able to demonstrate the existence of the SC state. This is the first pressure-dependent optical study on BaFe 2 As 2 for a temperature range which is suitable for the observation of the superconductivity (previous study was performed down to 110 K only 22 ), with the so-far lowest energy measured under pressure. Our data confirm the gradual suppression of the SDW state under pressure. Moreover, the emergence of a SC state with a full gap characteristic at high pressure is observed for the first time. Our results reveal the coexistence of these two states below the SC transition, with the SDW state possibly being a competing order to the superconductivity. We also compare these findings with those for the isovalent P-doping case.
II. EXPERIMENTAL
BaFe 2 As 2 single crystals were grown by the self-flux method and annealed as described elsewhere 23, 24 . They were polished and cut into small pieces with a typical size of ∼250 x 250 x 60 µm 3 . Samples are placed into a type IIa diamond anvil cell (DAC) 25 and finely ground CsI powder was used as quasi-hydrostatic pressure transmitting medium. The pressure in the DAC was measured in situ with the ruby luminescence method 26 by using two different ruby balls at different locations. The luminescence spectra are depicted in Fig. 1 taken at 3.6 GPa and 6 K (i.e., under conditions where we observe superconductivity) for two different locations as marked in the inset. The ruby R1 line is sharp and the pressure difference for the two locations is below 0.05 GPa.
Reflectivity measurements were performed from ∼85 to 7000 cm −1 at various temperatures from 6 to 300 K and for pressures up to ∼5 GPa with a system described elsewhere 27 . The reflectivity spectra are measured at the sample-diamond interface (denoted as R s−d ), using the intensity reflected from the CuBe gasket inside the DAC as reference. Since above 7000 cm −1 the reflectivity spectra show no significant pressure or temperature dependence, the ambient-condition spectrum was used for further analysis.
For illustrating the difference between reflectivity spectra at the sample-diamond interface compared to samplevacuum interface, the measured reflectivity spectra for both types of interfaces are plotted in Fig. 2(a) . Due to the difference of the refractive index of diamond and vacuum, the measured spectra show a clear difference. Moreover, the expected spectrum in the DAC has been simulated according to the results of the Drude-Lorentz fitting of the free-standing reflectivity measurements. As can be seen from Fig. 2(a) , the measured reflectivity spectrum in the DAC is in good agreement with the simulated reflectivity spectrum, despite the small pressure offset (0.4 GPa).
The data around 2000 cm −1 is affected by the multiphonon absorption in the diamond anvil, and therefore, this energy range has been cut out. This energy region has been extrapolated with the Drude-Lorentz fitting of the reflectivity spectra with the low energy extrapolations. The optical conductivity spectra has been obtained by Drude-Lorentz simulation of the measured reflectivity data, which is in good agreement with the spectra based on a Kramer-Kronig (KK) analysis 28 of the measured reflectivity data. An example to the agreement has been given in Fig. 2(b) .
III. RESULTS AND DISCUSSION
The room-temperature reflectivity spectra of Ba122 are depicted in Fig. 3(a) for various pressures. The plasma edge slightly blueshifts with increasing pressure, indicating a small increase of the charge carrier den- sity.In Fig. 3 (b) the pressure-dependent room temperature optical conductivity spectra are shown, obtained by Drude-Lorentz simulation of the measured reflectivity data. With increasing pressure, an increase of the optical conductivity below ∼1500 cm −1 and a progressive spectral weight (SW) transfer from high to low energies occurs (illustrated by the arrow in Fig. 3(b) ). The optical conductivity curves merge in the high-energy region (∼5000 cm −1 ) which defines the energy range where the overall SW redistribution occurs.
A detailed analysis of the optical conductivity based on Drude-Lorentz fittings is given in Figs. 4(a), following earlier optical studies 23, [29] [30] [31] [32] . The optical conductivity spectra can be described by two Drude components in the lower energy region and one Lorentzian in the higher energy range corresponding to interband excitations. The existence of two Drude components relates to the multiband character of the iron pnictides 12, 17, 18 . Crosses show the measured (P ,T ) points of this study. Red area: region where we did not observe any signature of SDW. Blue area: region, where a SDW state can be observed. Light blue area: region, where we observed SC signature.
[ Fig. 4(b) ]. In comparison, the SW (N BDC ) and the scattering rate of the BDC slightly decrease [Figs. 4(c,e) ]. The pressure-induced narrowing of the BDC may indicate that some carriers gain coherence. The effective carrier number N ef f can be estimated by the sum of the SWs of both narrow and broad Drude components, which is conserved under pressure. The weight of the NDC and the BDC components are calculated according to:
where m 0 is the free electron mass and V is the unit cell volume per Fe atom. The value of V as a function of pressure was taken from Ref. 8 . Their contributions, σ 1 (ω), were extracted from the total optical conductivity by Drude-Lorentz model fitting, and the integration according to Eq. (1) was carried out with a cutoff frequency ∼10000 cm −1 . The covered energy range is high enough to encounter all the spectral weight of the components, and above this energy range the tail of the Drude components are negligible. Considering the pressure behavior of N N DC and N BDC , it is reasonable to assume that the pressureinduced SW transfer from higher energies to lower energies basically occurs between these two Drude components. The narrowing of the BDC is slower than that of the NDC, indicating that pressure mainly affects the NDC rather than the BDC.
The fraction of the narrow Drude weight, N N DC /N ef f , is a measure of the degree of coherence of the carrier dynamics and was suggested as a measure of electronic correlations 32 . Fig. 5 displays the dependence of this fraction on important structural parameters -namely pnictogen height and Fe-As bond angle -as well as on external pressure, including also some end materials at ambient conditions. According to our optical data the fraction N N DC /N ef f , and hence the coherence of the carriers, increases only slightly under pressure (Fig. 5) . Accordingly, the electronic correlations remain in the strongly correlated regime for all studied pressures 32 .
This result stands in stark contrast to the effect of isovalent P-doping, which causes a weakening of the electron correlations, i.e., the electron correlations are three times weaker in BaFe 2 P 2 compared to BaFe 2 As 2 (Fig. 5) . Pdoping has a stronger effect on the SW of the NDC than pressure [see Fig. 4(b) ], and this might be the reason that the electronic correlations are getting weaker with increasing P-content, while it hardly changes with pressure. Interestingly, P-doping causes only a small decrease in scattering rate of the NDC, while it steeply decreases under pressure [ Fig. 4(d) ]. This indicates that the mobility of the carriers might increase faster with external pressure. Even though the mobility of the carriers increases, the electronic correlations are hardly changed, most probably due to the fact that the SW of the NDC is significantly smaller compared to the BDC. Please note that a normalization between pressure and P-content is necessary for a direct comparison. In this study we prefer to do this normalization by the decrease of the c-axis lattice constant with respect to ambient pressure 8 and zero P-content 9 . This might not be the best way, however, since it has been thought that the main P-doping effect is chemical pressure, such normalization based on a lattice constant, which strongly affects the unit volume, is reasonable. It is worth to note that other normalization methods based on the phase diagram has also been tried. The discussion based on this normalization still holds and does not change greatly. We believe, that the normalization based on the c-axis lattice constant also convenient to compare other doping cases such as electron or hole doping, as well.
Furthermore, P-doping has a "negative" pressure effect on the Fe-As bond angle [ Fig. 5(a) ] and the pnictogen height [ Fig. 5(b) ], like in the electron-doped case. In contrast, external pressure resembles more the hole-doped case, while still some differences do exist since the electron correlations are weakening slightly. In conclusion, the comparison demonstrates that external pressure affects the Fermi surface in these materials quite differently than isovalent doping.
With decreasing temperature, a magnetically ordered so-called SDW state is observed in BaFe 2 As 2 , with the suppression of the optical conductivity in the low-energy region and the transfer of the lost SW to the higherenergy region of the spectrum. Fig. 6(a) illustrates the emergence of the SDW state at 3.2 GPa during cooling down, with the SW transfer indicated by an arrow. Below T N the BDC is suppressed and a gap-like feature develops in the optical conductivity spectrum. Besides, a sharpening of the NDC is observed during cooling down, as expected for a system with a metallic characteristic 30 . The SDW-related gap-like feature can be described by two Lorentzian contributions, namely the α-band at ∼360 cm −1 and the β-band at ∼950 cm −133 , which is associated with the itinerant and local magnetism, respectively. This twofold absorption feature reflects the fact that the actual magnetism in iron-pnictides has both itinerant and local character as shown by many experimental probes [34] [35] [36] . In Figs. 6(b-d) the SW of BDC, α-and β-bands are displayed as a function of pressure and temperature. With increasing pressure both absorption bands lose spectral weight, hence the SDW state is gradually suppressed by pressure and concomitantly the BDC is recovered. According to the SW analysis of the α-and β-bands [see Figs. 6(c,d) ] the applied pressure affects both SDW components similarly, i.e., the pressure effect on both itinerant and local magnetism is similar.
The overall plasma frequency obtained through the contributions of the NDC and BDC is an important parameter, since the plasma frequency is a measure of the charge carrier density (ω Assuming that m * does not change significantly with temperature 30 , this means that almost 90% of the free carriers contribute to the SDW state at 1.5 GPa, while this value drops to ≈ 40% at 3.6 GPa. The SDW carrier density as a function of pressure has been given in Fig. 6(e) . These values are also consistent with the decrease of the SW of the α-and β-bands with increasing pressure [ Fig. 6(c,d) ].
With increasing pressure, the SDW state is gradually suppressed, and at 3.6 GPa and 4.2 GPa a SC state has emerged (Fig. 3(c) ). In this pressure range we could observe superconductivity most clearly 37 . Fig. 7 summarizes the main results for the SC state at 3.6 GPa. In Fig. 7(a) the low-energy reflectivity has been given, where one can see the small effect of the magnetic ordering starting below 70 K. When cooling below 40 K, a step-like feature that is confined to the very low-energy part of the spectrum can be seen, which is characteristic for the SC state [ Fig. 7(b) ]. Below 165 cm −1 the reflectivity increases continuously towards zero frequency and reaches unity at ∼95 cm −1 . This clearly indicates that BaFe 2 As 2 has a full-gap superconductivity tendency under pressure.
Most of the iron-pnictides exhibit a full-gap behav- ior in the SC region 38, 39 , but some of them were shown to be nodal superconductors, among them LaFePO, Pdoped BaFe 2 As 2 , KFe 2 As 2 , LiFeP, and FeSe [40] [41] [42] . The points and the structure of the nodes, however, are under debate 43, 44 . The difference in SC gap symmetry between P-doped BaFe 2 As 2 and pressurized BaFe 2 As 2 (our data) is most striking, since P-doping is expected to act as a chemical pressure and therefore similar effects are expected. Our finding suggests that the SC mechanism for isovalent P-doping and external pressure is different.
It was demonstrated experimentally that superconductivity emerges in iron pnictides when the SDW state is weakened, and the coexistence of these two states was shown by nuclear magnetic resonance 45 , muon spin resonance 46, 47 , neutron and X-ray diffraction 48 , and infrared spectroscopy (not in 122-system, but in a related system) 49 . Several optical studies on the SC region have been performed (mostly focusing on the optimally doped region) [50] [51] [52] [53] . However, in the so-called underdoped region, the optical studies were not sufficient to discuss the relation between the SC and SDW states: the region where the SDW and SC states coexist is not easy to observe, mainly due to the low T c s and strongly weakened SDW response. In contrast, under pressure it is possible to establish such a region, where a significantly strong SDW response coexists with a SC region with high T c . The coexistence of the SC and SDW phases in BaFe 2 As 2 is clearly demonstrated by the optical data of this study [see Figs. 7(c) 
and (d)].
The α-and β-bands at 3.6 GPa are depicted in Fig. 7(c) for three selected temperatures, namely at 70 K (SDW state), at 40 K (SDW state) and 6 K (SC state): Between 70 K and 40 K both bands gain SW as expected, while their SW is not significantly affected by the emergence of superconductivity. From these results, two important conclusions can be drawn: Firstly, the SDW response seems to be robust against the SC transition as the SW of both bands does not decrease between 40 K and 6 K. This suggests that the SDW and the SC state are two separate orders that coexist in the SC region. Whether they are spatially separated orders or not, cannot be determined based on the current study due to the limited spatial resolution. Secondly, there is no increase of the SW of both bands either upon the SC transition, indicating that the remaining charge carriers contribute to the SC condensation rather than to the SDW state. This result might indicate a possible competition between these two states, where the SC state seems to be energetically favorable.
The optical conductivity spectra at 3.6 GPa for the normal state (160 K), SDW state (40 K), and SC state (6 K) are depicted in Fig. 7(d) together with the corresponding fittings. The SDW response with the low-to high-energy SW transfer can be seen at 40 K. At 6 K, below ∼ 200 cm −1 a gradual suppression of the optical conductivity as the indication of the SC condensation occurs, while the high-energy SW remains the same indicating that the SDW state does not disappear upon the SC transition. The optical conductivity in the SC region was fitted with the Mattis-Bardeen approximation with two-isotropic gaps 54, 55 and the estimated SC gaps are ∆ SC,1 ≈ 7.5 meV and ∆ SC,2 ≈ 10.9 meV. We assumed the two gap signature due to the fact that we have two Drude-components in the normal state. Hence a superconducting gap opening occur in each component. These values are reasonably similar to the other systems with similar T c 56 . According to Ferrell-Glover-Tinkham (FGT) sum rule, the difference of the spectral weight between T ≈ T c and T << T c is so-called missing area is related with the superconducting carrier density as:
ω cutof f is chosen as ∼ 5000 cm −1 . The SC plasma frequency at 6 K (T = 40 K ≈ T c ) for this pressure range that is calculated with the missing area method amounts to ω p,SC ≈ 4650 cm −1 , where the calculated penetration depth is ≈ 3000Å ± 300Å. Please note that this penetration depth value is very close to other 122-family iron pnictides 57, 58 . Another way to calculate the superconducting carrier density is through σ 2 (ω) = ω 40K , we find that ≈ 27% of the carriers contribute to the superconducting condensation. Moreover, a very clear superconducting gap signature has been observed for this sample, which is not expected in the case of the clean limit superconductivity 59 . Therefore, at first glance, the Mattis-Bardeen approximation used to determined the SC energy gap is reasonable, since the system shows a dirty-limit superconductivity 60 . Finally, we would like to make a comment on the filamentary superconductivity induced by uniaxial stress in iron pnictide superconductors. Owing to the fact that a quasi-hydrostatic pressure transmitting medium has been used in this study, the question arises, whether the superconductivity is induced by uniaxial stress or not. As the ruby luminescence spectra given in Fig. 1 demonstrate, the ruby R1 line is sharp and the difference between two locations is small. Moreover, it has been discussed previously that the magnetically ordered state tends to be suppressed much more quickly in the case of an unhydrostatic environment 61 . In our study, we can observe the magnetically ordered state even at the highest applied pressure. As a result, even though we cannot completely rule out the possibility, it is highly unlikely that the observed superconductivity is filamentary under these conditions.
IV. CONCLUSIONS
In summary, we performed temperature-and pressuredependent reflectivity measurements on BaFe 2 As 2 single crystals. With increasing pressure, the suppression of the SDW state and the emerging of the SC state was observed at 3.6 and 4.2 GPa. At these pressures, the SC and SDW states coexist. The pressure-induced SC region shows a full gap tendency, in contrast to the isovalent P-doping case. Together with the observed opposite effect of P-doping and external pressure on the pnictogen height and the Fe-pnictogen bond angle, this suggests that the driving mechanism of superconductivity may not be the same in these two cases. We also demonstrated that pressure does not have a strong effect on the electron correlations in the system in contrast to the P-doping case. In fact, our results show a behavior of BaFe 2 As 2 under pressure very similar to the one for hole-doping in Ba 1−x K x Fe 2 As 2 8,32 : Besides important structural parameters the electron correlations are affected in a similar fashion. Our findings suggest that external pressure mostly affects the hole bands of the Fermi surface.
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